DH. Quantitative proteomic analysis reveals novel mitochondrial targets of estrogen deficiency in the aged female rat heart. Physiol Genomics 44: [957][958][959][960][961][962][963][964][965][966][967][968][969] 2012. First published August 28, 2012; doi:10.1152/physiolgenomics.00184.2011.-The incidence of myocardial infarction rises sharply at menopause, implicating a potential role for estrogen (E2) loss in age-related increases in ischemic injury. We aimed to identify quantitative changes to the cardiac mitochondrial proteome of aging females, based on the hypothesis that E 2 deficiency exacerbates age-dependent disruptions in mitochondrial proteins. Mitochondria isolated from left ventricles of adult (6 mo) and aged (24 mo) F344 ovary-intact or ovariectomized (OVX) rats were labeled with 8plex isobaric tags for relative and absolute quantification (iTRAQ; n ϭ 5-6/group). Groups studied were adult, adult OVX, aged, and aged OVX. In vivo coronary artery ligation and in vitro mitochondrial respiration studies were also performed in a subset of rats. We identified 965 proteins across groups and significant directional changes in 67 proteins of aged and/or aged OVX; 32 proteins were unique to aged OVX. Notably, only six proteins were similarly altered in adult OVX (voltage-dependent ion channel 1, adenine nucleotide translocator 1, cytochrome c oxidase subunits VIIc and VIc, catalase, and myosin binding protein C). Proteins affected by aging were primarily related to cellular metabolism, oxidative stress, and cell death. The largest change occurred in monoamine oxidase-A (MAO-A), a source of oxidative stress. While acute MAO-A inhibition induced mild uncoupling in aged mitochondria, reductions in infarct size were not observed. Age-dependent alterations in mitochondrial signaling indicate a highly selective myocardial response to E 2 deficiency. The combined proteomic and functional approaches described here offer possibility of new protein targets for experimentation and therapeutic intervention in the aged female population. monoamine oxidase-A; respiration; ischemia; iTRAQ; cardioprotection AGING AND ESTROGEN (E 2 ) deficiency are each associated with reduced ischemic tolerance in the female heart (80). However, the failure of exogenous hormone replacement therapy to reduce cardiovascular risk in older postmenopausal women (27, 50, 54) has resulted in a renewed search for therapeutic targets and strategies for the treatment of ischemic heart disease in the aged female population. The specific mechanistic disruptions in cardiac mitochondrial signaling that produce enhanced susceptibility to ischemic injury in the aged female heart, however, remain poorly understood. While data from our laboratory and others (29, 30) have correlated age-and E 2 -dependent declines in ischemic tolerance with altered expression and localization of cardioprotective signaling proteins, such as extracellular signal-regulated kinase 1/2 (ERK1/2), Akt, protein kinase Cε, and glycogen synthase kinase-3␤, the breadth and extent of protein changes involved in this process are not known. Due to the pivotal role of mitochondria in the maintenance of cell survival (35, 36, 53, 83) , we have focused our study on this subproteome. Importantly, quantification of the mitochondrial subproteome as it adapts to advancing age and E 2 deficiency will allow us to uncover proteins associated with disruptions in cardiac signaling contributing to ageassociated declines in ischemic tolerance.
monoamine oxidase-A; respiration; ischemia; iTRAQ; cardioprotection AGING AND ESTROGEN (E 2 ) deficiency are each associated with reduced ischemic tolerance in the female heart (80) . However, the failure of exogenous hormone replacement therapy to reduce cardiovascular risk in older postmenopausal women (27, 50, 54) has resulted in a renewed search for therapeutic targets and strategies for the treatment of ischemic heart disease in the aged female population. The specific mechanistic disruptions in cardiac mitochondrial signaling that produce enhanced susceptibility to ischemic injury in the aged female heart, however, remain poorly understood. While data from our laboratory and others (29, 30) have correlated age-and E 2 -dependent declines in ischemic tolerance with altered expression and localization of cardioprotective signaling proteins, such as extracellular signal-regulated kinase 1/2 (ERK1/2), Akt, protein kinase Cε, and glycogen synthase kinase-3␤, the breadth and extent of protein changes involved in this process are not known. Due to the pivotal role of mitochondria in the maintenance of cell survival (35, 36, 53, 83) , we have focused our study on this subproteome. Importantly, quantification of the mitochondrial subproteome as it adapts to advancing age and E 2 deficiency will allow us to uncover proteins associated with disruptions in cardiac signaling contributing to ageassociated declines in ischemic tolerance.
Traditional discovery-based proteomic approaches using two-dimensional gel electrophoresis and isotope coded affinity tags have identified mitochondrial proteins that contribute to physiological and pathological cardiac phenotypes in adult animals (3, 5, 17, 59, 74) . Another emerging proteomics approach includes isobaric tags for relative and absolute quantification (iTRAQ), where peptide labeling is achieved via the formation of an amide bond between the peptide reactive group of the iTRAQ tag and amine groups of target peptides (namely the NH 2 terminus and lysine side chains). The newest version of iTRAQ allows eight different samples to be analyzed simultaneously and provides quantitative ratios between individual samples of experimental groups so that proteins contributing to reductions in ischemic tolerance involved with aging and/or E 2 deficiency can be readily identified.
It is important to note that previous application of discoverybased approaches have been limited to hearts isolated from aged males (15, 16, 23, 39) or adult E 2 -deficient females (12, 26, 64) . Here, we describe for the first time, a targeted mitochondrial application of the iTRAQ 8plex proteomics approach to characterize alterations in mitochondrial signals occurring with age-associated E 2 deficiency in the female rat myocardium. Possible targets for therapeutic intervention in the aged female population are described, and of particular interest were adaptive changes in proteins associated with metabolism, oxidative stress, and cell death. Subsequently, functional studies were performed on isolated mitochondria and hearts in vivo following pharmacological manipulation of the iTRAQ-identified protein, monoamine oxidase A (MAO-A).
METHODS
Animal care. Adult (6 mo) and aged (23-24 mo) female Fisher 344 (F344) rats were supplied by Harlan Sprague-Dawley (Indianapolis, IN) and Taconic (Hudson, NY). Rats were housed under a 12:12 h light-dark cycle and received food and water ad libitum. All animal handling and utilization protocols were reviewed and approved by the Penn State University Institutional Animal Care and Use Committee and this investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996). While circulating E 2 is significantly reduced in the ovary-intact aged rat (28, 55) , bilateral ovariectomy (OVX) surgeries were performed on a subset of aged (performed at 22 mo) rats according to standard procedures to more appropriately mimic the point at which cardiovascular morbidity and mortality is likely to become manifest in aged women (61) . For proteomic and western blot studies only, an adult OVX group (performed at 5 mo) was utilized to garner important mechanistic insights regarding the effects of aging distinct from E 2 deficiency on key signaling proteins. Animals were allowed to recover for 4 -6 wk prior to the date of experimental study, and successful surgery was confirmed at the time of death by measuring uterine weight and circulating E 2 levels by radioimmunoassay. Ovary-intact animals were used as age-matched controls.
Heart preparation. Animals were anesthetized by injection of pentobarbital sodium (40 mg/kg body wt ip), and hearts were rapidly excised by midline thoracotomy and immediately rinsed in ice cold (4°C) saline. Within 60 s of excision, hearts were secured via aortic cannulation to a Langendorff apparatus and perfused at constant pressure (85 mmHg), temperature (37°C), and pH (7.4) with a modified Krebs-Henseleit bicarbonate buffer as previously described (30, 43, 55) for an equilibration period of 30 min to assure washout of blood proteins. Hearts were paced at 260 beats/min and a fluid-filled latex balloon inserted into the left ventricle (LV) was inflated to yield an end diastolic pressure of 5-6 mmHg (Gould Instrument Systems, Valley View, OH). The LV was isolated, weighed, halved, and snap-frozen in liquid N 2. All isolated LV sections were stored at Ϫ80°C until tissue preparation.
Tissue sample preparation. For proteomics studies, isolated mitochondrial protein homogenates were prepared exactly as described previously (29) , except that Tris·HCl in the homogenization buffers were replaced with equivalent concentrations of HEPES (pH 7.4). This substitution was necessary to provide a primary amine-free buffer for subsequent iTRAQ labeling. All protein concentrations were determined by the method of Bradford (11) .
iTRAQ sample preparation. LV mitochondrial protein homogenates were prepared for proteomics analysis using the iTRAQ 8plex reagent kit (Applied Biosystems). Sample preparation protocols were optimized in a series of qualitative MudPIT (multidimensional protein identification technology) proteomics experiments. Specifically, comparisons were conducted in LV mitochondrial homogenates (n ϭ 5 separate experiments on n ϭ 5 different adult hearts) to optimize the iTRAQ sample preparation protocol. Results are summarized in Table 1 . The T5 sample, in which ϳ550 nonredundant proteins were identified at instantaneous false discovery rate (FDR) Ͻ 5.0%, represents the protocol that was decided upon for use in subsequent iTRAQ quantitative proteomics experiments for the following reasons: 1) the substitution of Tris·HCl with HEPES in the protein isolation buffer, which is required for compatibility with the sample buffer for iTRAQ labeling, did not affect the number of protein IDs obtained (T2 vs. T1 samples); 2) acetone precipitation dramatically reduced the number of protein IDs (T3 sample), thus sample clean-up by acetone precipitation was unnecessary; and 3) a protein-trypsin ratio (by mass) of 10:1, which is recommended in iTRAQ product literature, resulted in efficient sample digestion and protein IDs (T5 sample). Given the estimate that cardiac mitochondria contain ϳ1,000 -2,000 proteins (48, 68) , this work covers 25-50% of the mitochondrial proteome with defensible confidence rates. Minimal cytosolic contamination of the isolated mitochondrial fraction has been previously demonstrated by us for the protein homogenization techniques employed here (6, 29) .
Individual iTRAQ 8plex analyses were conducted according to established procedures in our laboratory (45) . Individual mitochondrial samples isolated from each experimental group was randomly assigned to each 8plex run [adult (n ϭ 5), adult OVX (n ϭ 5), aged ovary-intact (n ϭ 6), and aged OVX (n ϭ 5)]. Briefly, 100 g of protein from each of eight mitochondrial samples (isolated from eight individual LV) was individually aliquoted, concentrated, and resuspended in 20 l triethylammonium bicarbonate buffer, followed by parallel denaturing in 0.1% SDS, reduction in 5 mM Tris-(2-carboxyethyl) phosphine, and alkylation in 3.5 mM iodoacetamide. Trifluoroethanol was added to 5% concentration by volume, and samples were digested in 10 g sequencing grade modified trypsin (Promega) overnight at 48°C. Each of the eight iTRAQ reagents (113-119 and 121 m/z) were reconstituted in 50 l isopropanol, and each mitochondrial sample was labeled with a unique reagent by incubation for 2 h. at room temperature. The labeled samples were combined and washed 3ϫ in Nano-Pure ddH2O and were resuspended in 500 l strong cation exchange (SCX) loading buffer (12 mM ammonium formate in 25% acetonitrile, pH 2.5-3.0). Two-dimensional liquid chromatography (LC) separation and tandem mass spectrometry (MS/MS) analysis of the prepared samples were conducted at the Penn State Hershey Proteomics Core facility, specifically utilizing SCX LC separation, 15X nanoflow C18 reversed-phase LC separation, matrix-assisted laser desorption/ionization plate spotting, and tandem time-of-flight mass analysis.
iTRAQ data analysis. Protein identifications (IDs) and protein quantitation were determined from MS/MS spectra using the Paragon algorithm (66) of the ProteinPilot v3.0 software package (ABIMDSSciex), searching the NCBInr (National Center for Biotechnology Information) protein database concatenated to a reversed version of itself (as a Decoy database). Only those proteins identified at an instantaneous (local) FDR Ͻ 5%, which was determined by analyzing the number of Decoy (reversed) database hits using the Proteomics System Performance Evaluation Pipeline beta software tool (ABIMDSSciex) and had a ProteinPilot confidence score of 95% or better (unused score Ͼ 1.3, see below) were considered positive identifications (22, 82) . Additionally, PANTHER (Protein Analysis Through Evolutionary Relationships) analysis (70) was conducted to classify identified proteins by linking their UniProt IDs to specific biological processes (using the Batch ID Search function of the PANTHER web application; http://www.pantherdb.org/batchIdSearch.jsp).
Western blotting. Confirmatory Western blotting was performed according to well-established procedures in our laboratory (42) . Briefly, equal amounts of mitochondrial protein sample were electrophoresed on SDS-polyacrylamide gels (Bio-Rad). Membranes were probed with primary antibody against MAO-A (1:900, Santa Cruz Biotechnology; overnight at 4°C). Immunoreactive bands were visualized by enhanced chemiluminescence (GE Amersham) and minor differences in protein loading were corrected for by SYPRO Ruby staining (Invitrogen) as described previously (58) . Densitometry analysis was performed using Scion Image (NIH). All Western blot analyses were expressed relative to the adult control group.
Mitochondrial isolation and respiration. Rats (n ϭ 3-4/group) were anesthetized with 50 mg/kg pentobarbital, and hearts were excised by midline thoracotomy and secured to a Langendorff apparatus. Following a brief (3 min) perfusion with a modified KrebsHenseleit buffer as described above, hearts were removed from the apparatus, and ventricles were isolated and homogenized in 3 ml of STE buffer [300 mM sucrose, 10 mM Tris (pH 7.4), 2 mM EGTA (pH 7.4)]. Homogenates were diluted in STE buffer supplemented with 0.5% BSA and centrifuged at 2,000 g. The resultant supernatant was centrifuged at 10,000 g, and the mitochondrial pellet was washed twice prior to resuspension in 300 l STE buffer. Protein concentration was determined by the method of Bradford and did not differ between groups.
Respiration of isolated mitochondria was measured at 30°C using a Clarke-type electrode attached to a YSI oxygraph (Yellow Springs, OH) as described previously (31) . Briefly, mitochondria were incubated in a buffer containing (in mM): 125 KCl, 20 MOPS, 10 Tris, 2 MgCl 2, 2 KH2PO4, 0.5 EGTA, pH 7.2. Complex I respiration was measured in the presence of 2.5 mM ␣-ketoglutarate ϩ 1 mM malate, while Complex II respiration was measured in the presence of 1 M rotenone ϩ 2.5 mM succinate. The MAO-A inhibitor clorgyline (5 M; Sigma-Aldrich, St. Louis, MO) was added during state 2 respiration 2 min prior to initiating state 3 respiration with 1 mM ADP.
Coronary artery ligation and MAO-A inhibition. Coronary artery ligation (CAL) was used to generate ischemia and reperfusion (I/R) injury (35 or 47 min I, 2 h R) as previously described (8), with and without the MAO-A inhibitor clorgyline (5 mg/kg in aged or aged OVX or 10 mg/kg in aged, ip) administered 60 min prior to CAL. Briefly, aged rats were anesthetized with pentobarbital [50 mg/kg body weight (BW), ip]. In the left lateral third intercostal space, a 1.5 cm incision was made into the chest cavity to expose the heart and the pericardium was opened. A snare was used to ligate the left coronary artery 3 mm from its origin. Both ends of a 6.0 prolene suture were fed through PE-90 tubing and secured with a hemostat. Following ligation, the hemostat was removed, releasing the ligature, and the chest cavity was sutured. Ventilation was maintained until the rats were able to breathe on their own and allowed to recover on a heating pad. Additional experiments were conducted in which 5 mg/kg clorgyline was administered (ip) 30 min prior to 35 min CAL, followed by 2 h reperfusion.
Triphenyltetrazolium chloride staining. To assess infarct size following I/R, hearts were isolated and stained with triphenyltetrazolium chloride (TTC) as previously reported (56) . Prior to euthanasia, rats were reanesthetized with pentobarbital, and hearts were removed by midline thoracotomy and perfused with a modified Krebs-Henseleit buffer for 60 -90 s at 85 mmHg and 37°C. The coronary artery was religated and the not-at-risk myocardium was then perfused with 200 -300 l Evans blue (1% in saline). Hearts were removed, and LV isolated, weighed, and frozen at Ϫ20°C for 30 min. Heart slices were stained with 1% TTC in phosphate buffer (pH 7.4) for 10 min at 37°C and fixed in 10% formalin overnight at room temperature. Images of individual heart slices were obtained with an Olympus DP72 camera attached to an Olympus Stereomicroscope SZ61 (Olympus, Center Valley, PA). Infarct size was determined by ImageJ software (NIH; http://rsb.info.nih.gov/ij/index.html). Data are expressed as infarct relative to area at risk (AAR).
Statistical analyses. Statistical analysis of iTRAQ quantitative protein data was automated by the Paragon algorithm of the ProteinPilot v3.0 software package and is based on the contributing peptide ratios, P values, and error factors. The error factor is used to provide an indication of the variance when presenting ratio data. The true ratio for each protein comparison is expected to be found between (reported ratio * error factor) and (reported ratio Ϭ error factor). The unused and total protein scores reported for proteins of interest are reflective of a unique strength of ProteinPilot (Paragon algorithm), which is the handling of evidence for multiple protein identifications from a single identified peptide (redundant protein IDs or the "protein grouping problem" of protein identification). The Paragon algorithm applies a more stringent approach to protein identification from MS/MS spectra than most other software tools, in that a single identified peptide may not be used as evidence for more than one protein identification. The total protein score is thus a measurement of all the peptide evidence for a protein and is analogous to protein scores reported by other protein identification software. The unused protein score is unique to ProteinPilot analysis and is a measurement of all the peptide evidence for a protein that is not better explained by a higher ranking protein.
The unused protein score is the true indicator of protein confidence (unused score ϭ 1.3 is equivalent to 95% confidence).
Accordingly, quantitative protein ratios were expressed relative to a pooled adult control sample (made by pooling equal amounts of protein sample from three adult ovary-intact rat hearts also analyzed independently), which were included in each of the six iTRAQ 8plex analyses. The mean quantitation ratio across all identified proteins for each of these three individual control samples was not different from 1.0 (0.995, 0.984, and 0.984), indicating very low variability between samples that comprised the pooled control. Subsequent iTRAQ runs were comparative and consisted of the pooled adult control sample and samples from each experimental group.
For Western blotting, morphological, respiration, and infarct size results, all data are presented as means Ϯ standard error and were analyzed using the Statistical Analysis System general linear models procedure. Group comparisons were analyzed by ANOVA. All post hoc comparisons were analyzed by the Tukey-Kramer or Duncan method. An ␣-level of P Ͻ 0.05 was defined as statistically significant for all comparisons.
RESULTS
Baseline morphology and function. Baseline morphology for adult and aged, ovary-intact and OVX rats are presented in Adult rats, 6 mo;aged rats, 23-24 mo. OVX, ovariectomized. *Different from adult intact, †different from aged intact (P Ͻ 0.05). Table 2 . Rat BW and LV weight were significantly increased by both age and OVX (P Ͻ 0.0001). Circulating E 2 levels were significantly reduced by aging and further reduced by OVX (P Ͻ 0.01). No significant differences were observed in LV weight/BW ratio.
iTRAQ analysis of LV mitochondrial proteins. For the quantitative assessment of cardiac mitochondrial protein abundance in aging and E 2 deficiency, six iTRAQ 8plex proteomics analyses were conducted (n ϭ 24 samples plus biological replicates). A total of 965 proteins were identified in the iTRAQ analyses of mitochondrial homogenates (see Supplemental Table S1 for all protein IDs and summary of functional groupings). 1 Further analysis revealed 425 proteins (44%) were identified in all six iTRAQ analyses and 656 (65%) were identified in at least four analyses, the minimum requirement to be included in the analysis to identify group changes. The associated biological processes determined by PANTHER analysis (70) for those proteins changed with age or aged OVX are shown in Fig. 1 .
Quantitative protein ratios were expressed relative to a pooled adult control sample and proteins of interest were those that differed significantly in the aged ovary-intact, aged OVX and/or adult OVX rat heart relative to the adult ovary-intact rat heart (Tables 3 and 4) . A total of 67 proteins demonstrated significant directional changes in aged and aged OVX groups (P Ͻ 0.05), with 32 of these proteins being unique to the aged OVX group. Interestingly, only six of these proteins were significantly altered in the adult OVX group [VDAC1 (voltagedependent ion channel 1), ANT1 (adenine nucleotide translocator, solute carrier family 25, member 4), Cox7c (cytochrome c oxidase, subunit VIIc), catalase, and Cox6c, and myosin binding protein C; Tables 3 and 4 ]. About 50% (36) of the identified proteins altered in aged OVX relative to adult hearts are involved in mitochondrial ATP production (20 of these being increased and 16 being decreased). Reductions were primarily observed in electron transport chain complexes (Tables 3 and 4). Examples of proteins that increased in abundance included heat shock family proteins (Hsp60, Hsp8, and mtHsp70) and the antioxidant enzyme superoxide dismutase 2 (SOD2, MnSOD), which tended to be involved in cardioprotection. However, the antioxidant enzyme catalase exhibited decreased levels in aged and adult OVX hearts.
We also observed an increased quantity of mitochondrial proteins involved in the initiation of cell death in aged OVX and/or aged hearts, including cytochrome c and possible mitochondrial permeability transition pore (MPTP) regulatory proteins VDAC1 and ANT1 (Table 3) . A Ͼ50% increase was observed in aged OVX for prosaposin (Table 3 ). The protein that demonstrated the greatest change in abundance in aged and aged OVX, however, was MAO-A (ϳ91% increase). The directional increase in aged and aged OVX was confirmed by Western blotting (Fig. 2) ; significant changes in MAO-A due to E 2 deficiency in adult rats were not observed.
Mitochondrial respiration and infarct size following acute MAO-A inhibition. Since iTRAQ screening revealed the greatest increase in MAO-A in aged female rat mitochondria, we sought to determine whether the MAO-A specific inhibitor clorgyline had differential effects on mitochondrial respiration. Accordingly, succinate/rotenone (complex II) and oxoglutarate/malate (complex I)-stimulated respiration were assessed in ventricular mitochondria isolated from adult (6 mo), aged (24 mo), or aged OVX female rats. Figure 3 demonstrates that clorgyline decreased the respiratory control index (RCI) by 10 -20% (P Ͻ 0.01) in all groups (primarily due to an increased state 2 respiration with no significant clorgyline effect on state 3 respiration), indicative of mild mitochondrial uncoupling and cardioprotection prior to ischemia. Accordingly, CAL studies were undertaken to determine the effects of acute MAO-A inhibition on infarct size reduction in aged rats. Mean AAR was ϳ36% and not significantly different across experimental groups or treatments. When matched for AAR, infarct size following 47 min CAL was not different between vehicle and either 5 or 10 mg/kg clorgyline, 60 min prior to CAL in aged or aged OVX (Fig. 4) . Additional studies were conducted in which 5 mg/kg clorgyline was administered (ip) 30 min prior to 35 min CAL, followed by 2 h R or in isolated perfused hearts, and no improvement in infarct size or functional recovery was observed (data not shown).
DISCUSSION
The aim of the current study was to identify, using a novel high-throughput quantitative iTRAQ 8plex proteomics approach, alterations in mitochondrial proteins that may contribute to increased I/R injury and disease risk with E 2 deficiency in aged female rats. Here, we identified 965 proteins across groups and significant directional changes in 67 proteins with aged and/or aged OVX, and 32 unique to aged OVX. Notably only six proteins were similarly altered in adult OVX. Proteins affected by aging were primarily related to cellular metabolism, oxidative stress, and cell death, with the largest change seen in MAO-A, a source of oxidative stress. Translational studies revealed that while acute MAO-A inhibition induced mild uncoupling in isolated aged mitochondria, reductions in infarct size were not observed. To the best of our knowledge, this is the first application of an iTRAQ proteomics approach 1 The online version of this article contains supplemental material. Fig. 1 . PANTHER (Protein Analysis Through Evolutionary Relationships) biological function representation of 67 nonredundant proteins that differed significantly with age-associated estrogen (E2) deficiency identified by isobaric tags for relative and absolute quantification (iTRAQ) 8plex analyses (instantaneous false discovery rate Ͻ5.0% and unused score Ͼ1.3). Data based on adult (n ϭ 5), aged ovary-intact (n ϭ 6), and aged ovariectomized (OVX, n ϭ 5) female F344 rats. 
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to study mitochondrial mechanisms of I/R injury and disease in the aged female heart. About 50% of the identified proteins altered in aged OVX relative to adult hearts are involved in mitochondrial ATP production (Tables 3 and 4) . Age-associated reductions in cardiac mitochondrial ATP production have been previously reported in male rodents, including declines in the rate of oxidative phosphorylation and the activity of electron transport chain (ETC) complexes III and IV (47) . A recent report on age-associated alterations in male rat cardiac mitochondrial gene transcripts noted widespread downregulation of ETC complex RNA as well as decreased complex I and IV activity (60) , while proteomic profiling in aged male mouse hearts demonstrated reduced expression of several mitochondrial ETC complex subunits (14) . Here, we demonstrate primarily reduced quantity of protein subunits of ETC complex I (NADH dehydrogenase), II (succinate dehydrogenase), III (cytochrome bc 1 complex), IV (cytochrome c oxidase), and V (F 0 F 1 ATPase) in aged, E 2 -deficient hearts, and bidirectional changes in proteins involved in fatty acid substrate metabolism (acyl Co-A synthetase subunits). Increases were primarily observed, in contrast, for proteins involved in carbohydrate and amino acid metabolism (pyruvate dehydrogenase subunits) and enzymes of the tricarboxylic acid cycle. An explanation for the differential regulation of upstream and downstream metabolic processes is not immediately evident, although one hypothesis may be that chronic reductions in ATP production due to reduced ETC and oxidative phosphorylation (62) capacity lead to compensatory upregulation of substrate-level and tricarboxylic acid cycle enzymes. Moreover, observed increases in Hsp60 and mtHsp70 in aged OVX are consistent with previous studies in aged male hearts (18) and may be related to alterations in mitochondrial matrix protein import of nuclear-encoded enzymes, which may or may not be balanced by changes in proteolysis. Measurement of the activity and/or phosphorylation status (19) of these enzymes is indicated for a more comprehensive characterization of metabolic alterations and substrate utilization in the aged female heart and represents the focus of ongoing studies in our laboratory.
Dysregulated mitochondrial metabolism has been suggested as an explanation for impaired ischemic tolerance in the aged heart (34, 44, 60) and may contribute to I/R injury through multiple mechanisms (see Fig. 5 for model summary) . First, the reduced capacity for ATP production upon reperfusion leads to impaired cellular and mitochondrial volume regulation (due to insufficient ATP for active ion transport pumps), swelling, lysis, and initiation of necrotic and apoptotic cell death (21) . We observed ϳ20% downregulation of the Na ϩ /K ϩ ATPase and Ca 2ϩ ATPase pumps in aged OVX hearts, which may further contribute to these detrimental events. Additionally, metabolic dysregulation is thought to contribute to cellular injury through increased mitochondrial reactive oxygen species (ROS) production in the aged heart (47). Complex III, for example, has been identified as a major source of age-associated increases in mitochondrial superoxide radical (O 2 . ) production both at baseline and in response to I/R (47). High levels of ROS are generated during I/R from additional sources both within and outside the mitochondria, including ETC complex I (7, 72), the xanthine oxidase system Proteins of interest were identified from 6 iTRAQ 8plex analyses and are grouped according to associated biological processes. Boldface indicates that the difference in expression was significant relative to adult ovary-intact control. (2), and contribute to cellular injury through lipid peroxidation, protein oxidation, enzyme inactivation, and DNA damage (10) . Furthermore, ROS can induce opening of the MPTP and therefore initiation of cell death by the facilitation of mitochondrial Ca 2ϩ overload and/or the oxidation of thiol groups of ANT, a possible MPTP regulatory protein (38, 41, 83) .
Indicative of possible increased ROS production in the aged, E 2 -deficient heart, we observed altered expression of several mitochondrial proteins involved in the oxidative stress response. A large increase (Ͼ90%) MAO-A, which is found in the outer mitochondrial membrane and represents a potent source of hydrogen peroxide (H 2 O 2 ) during I/R (9, 71), was noted in both aged and aged OVX hearts but not adult OVX. Given recent evidence that MAO-A inhibition can reduce I/R injury in adult hearts (for review see Refs. 20, 37), we sought to determine effects of acute MAO-A inhibition on mitochondrial respiration and subsequent I/R injury in the aged, E 2 -deficient heart. While we observed reduced RCIs in isolated mitochondria following MAO-A inhibition with clorgyline (which would be predictive of mild mitochondrial uncoupling and cardioprotection), acute MAO-A inhibition at varying doses and durations of exposure prior to I/R injury in vivo was unable to produce an infarct sparing effect in the aged female rat heart. We observed a similar lack of efficacy in isolated perfused hearts when clorgyline was delivered 15 min prior to I/R (data not shown), suggesting that the aged female heart is refractory to protection by MAO-A inhibition. The mechanism of reduced cardioprotective efficacy of MAO-A inhibition in aged animals previously demonstrated in adult animals (9) is not immediately evident but, combined with the well-characterized refractoriness of the aged heart to ischemic intervention (34) , likely includes an inability of age-associated changes in antioxidant machinery to combat overproduction of ROS associated with senescence. Proteins of interest were identified from 6 iTRAQ 8plex analyses and are grouped according to associated biological processes. Boldface indicates that the difference in expression was significant relative to adult ovary-intact control. In this regard, SOD2 (MnSOD), the mitochondrial SOD isoform that catalyzes the conversion of the strongly reactive O 2 . radical to less reactive H 2 O 2 and molecular O 2 (32), was increased by nearly 40% in aged OVX. It is likely that these increases represent compensatory adaptations to chronically increased ROS production in the aged female heart (47), and interestingly, our observation of increased SOD2 expression is in contrast to studies in male F344 rats demonstrating age-related increases in cardiac SOD2 activity (33, 57) but unaltered SOD2 expression (2, 73) . In contrast to our observations of increased heat shock protein and SOD2 levels, the antioxidant enzyme catalase, which neutralizes H 2 O 2 to H 2 O and O 2 , exhibited decreased abundance in aged hearts. It has been reported, however, that catalase does not significantly contribute to the removal of H 2 O 2 in cardiac mitochondria, even under strong oxidative conditions such as those achieved in I/R (4). This function has instead been attributed to glutathione peroxidase (4) , which demonstrated an insignificant trend for increased levels in aged and aged OVX hearts (data not shown).
Despite these apparently compensatory increases in mitochondrial antioxidant enzyme abundance in the aged female heart, it is likely that the large bursts of ROS produced during I/R (34, 44, 75) overwhelm these defenses and contribute to the increased infarct size observed in aging and E 2 deficiency (30, 55) and decreased efficacy of MAO-inhibition on infarct sparing. In this regard, we observed increased levels in aged and aged OVX hearts of mitochondrial proteins involved in the initiation of cell death, including cytochrome c and possible MPTP regulatory proteins VDAC1 and ANT1 (Fig. 5) . The increased quantity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a glycolytic enzyme that has been reported to play a proapoptotic role in the mitochondria through induction of the MPTP (69), was also noted. In contrast, the significant increase in prosaposin, which is involved in fatty acid transport but has also been demonstrated to play an antiapoptotic role in a variety of cell types (46) , may represent an additional compensatory mechanism to combat increased oxidative stress in the aged heart (65) .
Limitations. A potential limitation of the current study is the purity of the isolated mitochondrial sample and use of frozen tissue for proteomic analyses. We have previously demonstrated that cytosolic contamination of the mitochondrial fraction is Ͻ2% (29), and no direct indications of plasma membrane contamination (i.e., proteins such as ecto-5=-nucleotidase) were observed herein (Supplemental Table  S1 ). However, use of frozen tissue may have spuriously introduced damage to mitochondrial structure and or proteins. Another potential limitation of the current studies, and all rodent studies that utilize an OVX model, includes the complicated nature of the menopausal transition in rodents (49, 51) and questionable relevance of this model to mimic human reproductive senescence. Clearly, the study of nonhuman primates has been purported as the model perhaps most applicable to the study of human menopause (40, 77, 78) . The onset of senile anestrous is variable in rats (1, 13, 52, 63, 67) , resulting in a state of persistent estrous followed by persistent diestrous, whereby sustained E 2 levels are similar in magnitude to diestrous in adult animals. However, notable similarities between menopause and "estropause" (for recent review see Refs. 13, 52, 81) include cessation of estrous cyclicity (ϳ16 mo in F344 rats) and a progressive deterioration in hypothalamic-pituitary-gonadal axis function thereafter (67) until senile anestrous. Interestingly, the menopausal transition in humans is also characterized by elevated E 2 levels (24, 25, 76) . Nevertheless, use of ageappropriate rats in conjunction with OVX, as we use here, represents an often overlooked but critical design consideration of rodent studies to recapitulate postmenopausal E 2 deficiency in a meaningful way (i.e., differential responses of OVX in adult vs. aged rats that do not recapitulate reproductive senescence). Finally, the effects of estrogen replacement on cardiovascular health in older women, particularly at the time of the menopausal transition, remains incompletely characterized and awaits additional clinical and experimental data (54) . In this regard, effects of E 2 replacement on the mitochondrial proteome of adult and aged rats, as well as following I/R injury is worthy of future study. In summary, a targeted mitochondrial approach incorporating a discovery-based, state-of-the-art iTRAQ proteomic analysis was used to characterize alterations in protective signaling due to age-associated E 2 deficiency. We provide novel evidence for an environment of increased mitochondrial oxidative stress in the aged, E 2 -deficient rat heart, which 1) is associated with altered mitochondrial metabolism, 2) is associated with possible compensatory adaptations in antioxidant enzymes (SOD2 and Hsp), and 3) is likely to contribute to greater cell death in I/R injury through upregulated MPTP regulatory proteins (VDAC1 and ANT1) and enzymes (MAO-A) that is not observed in hearts isolated from adult OVX. Functional studies also highlight the therapeutic challenges of developing efficacious strategies to protect the aged female myocardium from I/R injury. Importantly, ischemic heart disease remains the leading cause of morbidity and mortality in U.S. women, and the data described here provide valuable insight into possible experimental targets for intervention utilizing a model of female aging.
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